ABSTRACT: This research explores the relationship between generally accepted and alternative cattle ageprediction methods and chronological age. Cattle (n = 386) of documented ages ranging from 370 to 1,115 d of age were used. Dentition (DEN), USDA maturity score (MS), lens weight (LW), and lens total N (LN) content were used as possible predictors of age. Correlations with age were determined: LW (r = 0.77); DEN (r = 0.74); LN (r = 0.71); and MS (r = 0.64). Stepwise backward regression was used to generate an age prediction equation: Age (mo) = −21.79 + 17.23(LW, g) + 0.038(DEN). By this equation, 38% of cattle ≤20 mo of age were verified as ≤20 mo of age. Independent measures verified the following percentages of cattle as ≤20 mo of age: LW (20.2%), MS (11.0%), DEN (9.6%), and LN (8.7%). The DEN verified that 87.6% were verified as <30 mo old, and LW verified 81.6% of cattle as <30 mo old. A separate group of cattle (n = 18) ranging in age from 1 to 12 yr were evaluated for lens properties, for which LW (R 2 = 0.91) and LN (R 2 = 0.92) were highly correlated with age. The LW and DEN were the best predictors of age for cattle 13-to 37-mo-old and yielded the most accurate age prediction when used in combination (R 2 = 0.67).
INTRODUCTION
Accurately determining the chronological age of cattle lacking birth records has long been a challenge to animal scientists. The USDA Agriculture Marketing Service estimates that only approximately 5% of US beef cattle have documented chronological ages (USDA, 2005) . Several methods for determining or predicting ages of cattle exist, including dentition (DEN), vertebral ossification (skeletal maturity), and lean color (lean maturity). Dentition, which involves studying the development of the teeth system, is also used to group cattle by age. Carcass skeletal maturity combined with lean maturity is the method used by the USDA Agriculture Marketing Service to determine carcass maturity score (MS). These methods can be affected by many production factors, such as accelerated skeletal maturity due to implanting with estrogen (Paisley et al., 1999; Scheffler et al., 2003) , parity status (Waggoner et al., 1990; Field et al., 1996) , lean color differences due to diet and postmortem treatment (Boleman et al., 1996) , and lighting conditions (Kropf et al., 1984) . Therefore, MS is frequently criticized because it can be affected by several exogenous factors and results in MS not being accurate for assessing chronological age of cattle. There can be distinct differences in physiological maturity as assessed by MS between heifers and steers of the same chronological age.
Because concerns exist pertaining to current methods of determining cattle age, we investigated the use of the bovine eye lens to determine cattle age. Researchers have found that the eye lens grows continually throughout life, and that all animals exhibit a similar lens growth pattern. Lens properties, specifically lens weight (LW) and lens N content (LN), are highly related to ages of kangaroos (Augusteyn et al., 2003) , and are also minimally affected by diet and environment in swine (Kauffman and Norton, 1966) . Spencer (1976) reported a strong linear correlation (r = 0.98) between LW and age for humans. Kauffman et al. (1967) ob-served a very high correlation between LN of swine and age (r = 0.98), and Augusteyn et al. (2003) reported a very strong correlation (r = 0.99) between LN and age in kangaroos. Buyck et al. (1984) also suggested that eye LN might be useful in determining the age of beef bullocks. It should be recognized that the biodiversity, including variation in parity status, production method, nutritional regimen, and genetic type of animal species in those studies is likely not as broad as what exists in the US cattle population.
The objective of our study was to evaluate eye LW and LN, DEN, and MS as predictors of cattle age and to explore alternative ways to predict cattle age, with a specific focus on predicting the age of cattle ≤20 mo old. To accomplish this, cattle of known birth dates were followed through slaughter. We hypothesized that eye LW and LN, alone or in combination, would more accurately predict the chronological age of cattle than DEN or MS.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because the samples were obtained from federally inspected slaughter facilities.
Source of Data
Eyes, DEN scores, MS scores, ribeye areas (REA), backfat thicknesses (BF), and HCW were obtained from cattle (n = 386) representing 15 feedyards in Kansas, Missouri, Nebraska, and Oklahoma and slaughtered at 6 different commercial beef processing plants. Cattle were age-verified by the owners who maintain records of birth dates and other production data. A significant number of potential cattle from a few lots or sources were not used because we questioned the validity of the reported ages. Fed steers, bullocks, heifers, and primiparous cows, and nonfed young cull cows, ranging in age from 370 to 1,115 d of age, were used in this study and are summarized by age in Table 4 . For reference, 1 mo equates to 30 d throughout this report. Cattle are summarized by sex in Table 1 . Only cattle with documented birth dates were used, and cattle age was defined as the time between the date of birth and date of slaughter. Cattle in our study may not represent the full biodiversity of the US beef herd because all cattle were Bos taurus and were predominantly English or English × Continental crossbreeds, along with some mostly Continental cattle. However, this sampling is representative of the majority of commercial cattle fed in the Midwestern United States. Backgrounding and implant regimen were not known for the cattle pooled for this study. Given that these cattle came from producers and feeders of <100 cattle per year to >10,000 cattle per year, and the geographical diversity from which these cattle originated, it is plausible that these cattle represent a variety of production schemes. We followed 445 cattle through slaughter, but eliminated 59 because we had incomplete LW, LN, DEN, or MS data, or a combination of these.
In addition, eyes from a different set of 16 fed cows culled from the Kansas State University herd, ranging from 3 to 12 yr of age, were collected at the Kansas State University abattoir to evaluate LW and LN as predictors of age in much older cattle. For these 16 cows, a USDA grader was not present to determine overall MS. Data were supplemented with 2 randomly selected 1-and 2-yr-old cattle from the slaughter-age group, for a total of 18 cattle, ranging from 1 to 12 yr old. This set of 18 cows was used to evaluate LW and LN over a much greater age range.
Carcass Data Collection
Dentition and HCW were determined immediately after slaughter. To record DEN, trained individuals were given a diagram and were instructed to circle the image most similar to the mouth of the subject (Figure 1 ). If cattle had more than 2 permanent incisors (indicating >30 mo), data recorders were instructed to record the number of permanent incisors present, and any other notable characteristics, such as missing teeth. Table 2 summarizes the numerical scores assigned for DEN.
A USDA grader determined MS to the nearest 10 degrees at commercial-line speed. Overall MS were transformed to numeric scores where A 00 = 100, B 00 = 200, C 00 = 300, D 00 = 400, and E 00 = 500, with the degree within each age range being added to the maturity range score. For example, A 70 overall maturity was transformed to 170.
Eye Removal and Dissection
Both eyes were removed within 15 min of slaughter and transported on ice to the Kansas State University Meat Chemistry Laboratory. On occasion, an eye was ruptured during removal at commercial plant speed; therefore, only one eye was evaluated in those instances. If LN could not be evaluated within 20 h postmortem, eyes were frozen at −80°C until they could be analyzed. Frozen eyes were thawed in-bag in a room-temperature (~20°C) water bath. Eyes were dissected by removing the cornea with the anterior portion of the eye facing In some instances, only one eye was available, which left us with only one lens. In these cases, the data from a single lens were used to determine predictive ability. In instances in which both lenses were available for an animal, the LW and total N content for the 2 lenses were averaged. Lens weights between the left and right eye of cattle with 2 lenses were very similar, usually within 0.05 g.
Statistical Analyses
Each predictor was evaluated by using the PROC CORR procedure of SAS (Cary, NC). Predictors were evaluated against age in days and in months. Backward stepwise elimination in the PROC REG procedure of SAS was used to develop an age prediction equation. Predicted age from said equation was tested against known chronological age using the PROC REG procedure of SAS. Predictor limits for age were established via rank ordering. Simple linear correlations were used because the slaughter-age cattle did not display an exponential growth curve, as indicated in other studies, because fetal and very mature cattle were not included.
RESULTS

Simple Correlation Coefficients for Each Predictor for 386 Cattle
Simple correlation coefficients for each age predictor for the 386 cattle are summarized in Table 3 . The number of cattle for each observed predictor is also indicated. Additional carcass characteristics (HCW, REA, BF) were included to possibly adjust for other predictors of cattle age. The correlations of LW and LN with age in days or in months were greater than the correlations of MS with age in days or months.
The correlation value for each independent age determinant for age in days was 1) LW (r = 0.77), 2) DEN (r = 0.74), 3) LN (r = 0.71), and 4) MS (r = 0.64). = 0.22), HCW (r = 0.12), and REA (r = 0.07) were lowly correlated with age.
Development of an Age-Prediction Equation
An age-prediction equation was determined by using stepwise backward selection. The following variables were each eliminated in this order from the model because they were not significant at the P ≤ 0.1 level in this order: REA, HCW, LN, MS, and BF. The remaining variables were LW and DEN, from which equations for age in days and age in months were developed (R 
Observed Maximum Values of Age Predictors by Chronological Age
The maximum value of each predictor observed for each month of age is included in Table 4 . Minimum and maximum values for each age predictor are of great in- Table 3 . Simple correlation coefficients (r-values) for each age predictor evaluated with chronological age for slaughter-age cattle terest because such values have been used to determine whether slaughter cattle in the United States meet the ≤20-mo and <30-mo age cutoffs for both export and US beef markets, respectively (USDA, 2005). Our age-prediction procedure must provide assurance that cattle without documented birthdates do not exceed critical or specific ages. To accomplish this, each age predictor was assigned a critical point at which no cattle exceeded that limit. No 30-mo-old cattle were available in our study; therefore, 29 mo was used as the critical value instead of 30-mo-old cattle. If LW was <1.76 g, all animals were ≤20 mo old. The LW value of 1.76 g appears for one 24-mo-old animal; however, at no time was a value of ≥1.76 g observed for LW if the animal was ≤20 mo old. Thus, if LW was <1.76 g, the cattle were always ≤20 mo old. Likewise, if LN was <93.00 mg, the animals in this study were ≤20 mo old. The LW and LN content upper limits for ≤20-mo-old cattle were observed on the same animal. Thus, if LW is <1.76 g and if LN is <93.00 mg, the cattle were ≤20 mo old. For cattle ≤20 mo old, a DEN score of 100 (no gaps between teeth) can be established as the critical upper limit, and a DEN score of 300 (eruption of at least 3 permanent incisors) can be assigned to <30-moold cattle as the critical upper limit. This coincides with the current regulations that carcasses displaying ≥3 permanent incisors must be segregated and identified as ≥30 mo old. Upper critical limits are discussed to reflect the maximum value possible without obtaining an underestimated age or false-positive result.
Two 24-mo-old cattle had a MS of A 20 ; thus, an overall maturity of less than A 20 would need to be established as the critical limit for cattle ≤20 mo old, and A 60 would need to be established as the critical limit for cattle <30 mo old. However, no cattle had a MS of <A 20 . The cattle that were >20 mo old with an overall maturity of A 40 or less were from the same lot of cattle. The critical limit as established via rank ordering in Table 5 occurs mostly at 24 mo. It should be noted, however, that different 24-mo-old cattle had these minimum values for each predictor.
The percentages of cattle meeting the critical limits established in our study are summarized in Table 5 . A total of 218 cattle evaluated were ≤20 mo old, and 380 cattle were <30 mo old. For cattle ≤20 mo old, 20.18% exhibited our critical LW of ≤1.76 g, 9.63% exhibited our critical DEN score of 100, 8.72% exhibited our critical LN content of ≤93.00 mg, and no cattle exhibited a MS of <A 20 . For cattle <30 mo old, 87.63% exhibited a DEN score <300 (≤3 permanent incisors), 81.58% exhibited a LW ≤2.07 g, 71.84% exhibited a LN content ≤109.86 mg, and 38.95% exhibited a MS ≤ A 60 . These data indicate that predicting ages for cattle at a 20-mo critical age is more difficult than for cattle at 30 mo. 
Predicting cattle age
Predicted Ages Using the Age Prediction Equation
To illustrate the application of this equation for predicting ages of cattle, we applied it to predict the ages of cattle up to 25 mo old. The youngest and oldest ages predicted for cattle at each actual age in months as determined by the equation are listed in Table 6 . The youngest age predicted with the equation using only LW and DEN was 8.89 mo, but the animal was actually 15 mo old. The oldest age predicted was 30.47 mo, but the animal was actually only 24 mo old. No cattle >20 mo old had a predicted age less than 17.08 mo. Among the 218 cattle ≤20 mo old, 83 cattle, or 38.07%, had a predicted age less than 17.08 mo. The very young predicted ages for younger cattle are likely attributed to very young DEN scores (i.e., 100) because the equation includes DEN; however, intermediate scores between 100 and 200 were not assessed. Figure 6 indicates the correct versus incorrect grouping of cattle as ≤20 mo old and >20 mo old. Those cattle in the shaded region of Figure 6 are correctly grouped by their predicted age as ≤ or >20 mo old. Points in the nonshaded quadrants are considered incorrectly grouped.
Prediction Limits for Predicted Age at 20 Mo
Each age predicted from the age prediction model was evaluated at 90, 95, and 99% confidence limits. All cattle in this study exhibiting a predicted age of <17.08 mo old had a chronological age of ≤20 mo old; however, it cannot be stated that a resulting predicted age of less than 17.08 mo guarantees an actual age of ≤20 mo. The 90% prediction limit of this predicted value was 11.76 and 22.41 mo; the 95% prediction limit of this predicted value was 10.74 and 23.43 mo; and the 99% limit of the predicted value was 8.73 and 25.44 mo.
Changes in Lens Properties in Cattle Ranging from 1 to 12 Yr of Age
The LW and LN as predictors of age were evaluated on 18 cattle ranging from 1 to 12 yr of age. The age distribution of cattle used in this portion of the study is summarized in Table 7 . An exponential growth curve was observed for LW ( Figure 7 ) and LN (Figure 8) . We believe the exponential curve represents the second half of the biphasic growth curve exhibited by the eye lens; a biphasic curve was not observed because prenatal lenses were not used in our study. For LW and age in years, the equation obtained was (R 2 = 0.91): age = 0.0753(LW) 4.714 . For LN and age in years, the equation obtained was (R 2 = 0.92): age = 3 × 10 −12
(LN) 5.8497 . These data indicate that lenses grow continuously throughout life, and there is a high correlation with chronological age when evaluated over a wide range of ages. The MS were not available on the 16 additional cows used in our study because the cows were slaughtered at the Kansas State University abattoir, and an official USDA grader was not available to determine MS. The thoracic buttons used to determine skeletal maturity were fully ossified (E 100 skeletal maturity) on cattle 8 yr of age and older; however, observed Figure 5 . Overall maturity score (numeric equivalent) vs. age in days for 386 slaughter-age cattle (r = 0.64). Table 4 . Minimum (min.) and maximum (max.) values observed for lens weight (LW), dentition score (DEN), lens N (LN), and overall USDA maturity scores (MS) for 386 slaughter-age cattle Predicting cattle age lean color in some instances was typical of that of Amaturity cattle.
Correlations obtained from the group of 20 mature cattle were clearly greater than those from the group of 386 slaughter-age cattle. The slaughter-age cattle used in this study represent a narrow age range (15 to 35 mo), and thus, the correlations of age predictors were somewhat less. As indicated by the data including subjects of a much wider age range, however, both LN and LW are good indicators of animal age.
DISCUSSION
Our results indicate that lens properties are very good indicators of chronological age. Augusteyn et al. (2003) used LN to establish an age-prediction equation Overall MS could not be used at the 20-to 21-mo break because the least overall MS observed in this study was that of a 24-mo-old animal. Figure 6. Documented chronological age vs. predicted age with an emphasis at the 20-to 21-mo age break. Correctly grouped cattle are located in the shaded quadrants.
for kangaroos because they believed it would be a more accurate measure of age and lens growth because LW can be affected by handling and storage. Augusteyn and Cake (2005) indicated that when sheep lenses are left in the fresh eye for more than 24 h, the lens can gain up to 25% of its original weight in water from the eye. Our results indicate that LW and LN have similar correlations with age for cattle. A very desirable R 2 of 0.91 was attained with fresh LW in cattle between 1 and 12 yr of age. Yet, our study did not include fetal lenses, whereas the study by Augusteyn et al. (2003) did. Kauffman et al. (1967) likewise found a very strong correlation (R 2 = 0.98) between lens protein and age for swine up to 1 yr of age. The subjects in that study were of very similar genetic backgrounds and were bred and reared similarly. The results for slaughter-age cattle, however, are similar to those of Glenn (1971) , who reported a correlation coefficient of 0.74 between age and LW for slaughter-age cattle. However, Glenn reported a greater correlation coefficient (r = 0.81) between LN content and age for slaughter-age cattle than we report.
Cattle were pooled by sex and production scheme for our study, which is the most feasible treatment when practical application is considered. Kauffman et al. (1967) noted that male swine had slightly heavier lenses than did female swine, although major differences were not observed and the reported correlation of 0.98 was for pooled data. The USDA (2005) evaluated a much larger number of cattle (>3,000) when investigating the use of the USDA system, yet this represented a similar mix of sexes and production schemes as for the cattle used in our study. Note that the older cattle used in our study (those older than 24 mo old) were primarily heifers and young cull cows from purebred seedstock and research herds, and locating fed steers with documented age >24 mo old is uncommon and very challenging, as supported by the USDA (2005) estimate that nearly 90% or more of fed cattle in the United States are ≤20 mo old.
The ages of cattle <30 mo old can be predicted by the equation: age (mo) = −21.79 + 17.23(LW, g) + 0.038(DEN). Each predictor evaluated (LW, LN, DEN, MS) had some predictive value, but LW and DEN had significant predictive ability for the ages of young cattle. At <30 mo, however, DEN was the best and also the most feasible predictor from which to classify cattle by age. Lawrence et al. (2001a,b) reported that DEN might stratify cattle by maturity more accurately than the current USDA system does. The point values assigned to DEN were developed only for use in this study, and further investigations into DEN and age may reveal a more accurate or precise point system.
Summary
Lens recovery involves eye removal and dissection, as well as the use of an analytical balance. Eye removal can be accomplished at line-speed but requires additional personnel for lens recovery. To successfully achieve the 20-versus 21-mo age break, we recommend screening cattle based on DEN because cattle without visible space between teeth (equivalent score of 100) were all ≤20 mo old, and evaluating DEN is a very simple procedure. The same procedure could be used for cattle <30 mo by requiring a DEN score of ≤300. We do not recommend lens analysis for every beef animal to verify age. But, this is a feasible procedure for pens or groups of cattle that are very likely ≤20 mo old, and a verifiable objective method is needed to document that cattle are actually ≤20 mo.
This equation is intended to be a tool to predict animal age. To exemplify its usefulness, consider that when markets set a maximum animal age of 20 mo, the use of our age-prediction equation would effectively qualify nearly 4 times the number of cattle eligible for that market than would qualify by using the current USDA guideline of ≤A 40 to indicate an age of ≤20 mo. Comparatively, 38% of cattle in our study were verified by our equation as ≤20 mo old, whereas <10% of cattle in our study displayed MS ≤ A 40 . In the future, an automated on-line lens analysis or prediction technique might be possible. Various technologies have been used to map lenses for cataracts and other abnormalities. The development of a system that can evaluate lens properties without removing the lens, or even the eye, makes age verification with lens characteristics a justifiable research initiative. Further research into this field should be pursued by the beef industry because more domestic beef marketing programs and more import markets are establishing age limits on cattle. Figure 8 . Lens N content vs. age for 18 cattle aged 1 to 12 yr (R 2 = 0.92).
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